Questions: What is the long-term impact of deer browsing on the diversity of the herbaceous layer and tree species regeneration? Which parameters of regeneration of the tree species regeneration and the herbaceous layer best indicate browsing impact?
| INTRODUC TI ON
Large ungulate browsing is an important disturbance factor that substantially modifies the composition and structure of forest vegetation. The feeding behaviour of ungulates may alter plant establishment and decrease herbaceous layer cover (Horsley, Stout, & deCalesta, 2003) , modify competition between species (Putman, 2004) , and lead to lower abundance of desired species (Rooney, 2009 ), cause less abundant regeneration (Ammer, 1996) , restrain the height growth of palatable tree species, and hinder their recruitment into forest stands (Klopcic, Jerina, & Boncina, 2010) . The long-term impact of browsing may lead to simplified understory vegetation (Martin, Arcese, & Scheerder, 2011) , a decline in tree species diversity (Rooney & Waller, 2003) , a dominance of unpalatable tree species, and a lower productivity of forest stands (White, 2012) .
Selectivity depends on browser species, density, and age structure (Côté, Rooney, Tremblay, Dussault, & Waller, 2004) , as well as on the overall abundance of food (Gill, 1992) . Due to selectivity, browsing impact on palatable tree species is particularly related to their height growth (Kuijper et al., 2010) . Browsing of tree species is also conditioned by the composition of the ground vegetation and may be less intensive if other preferred plants are available (Kuiters & Slim, 2002) . However, the presence of both palatable herbaceous species and woody species may attract ungulates and increase their pressure on forest vegetation (Kamler, Homolka, Barančeková, & Krojerová-Prokešová, 2010 ).
The browsing impact of deer on forest vegetation has been comprehensively analysed. Several studies have examined the impact of browsing on tree species regeneration (e.g., Heuze, Schnitzler, & Klein, 2005; Pierson & deCalesta, 2015; Reimoser, Armstrong, & Suchant, 1999) and the herbaceous layer (e.g., Habeck & Schultz, 2015; Miller, Bratton, & Hadidian, 1992; Suzuki et al., 2013) . Studies on the impact of deer on both herb species and tree species regeneration are less common, but are increasing (Boulanger et al., 2018; Horsley et al., 2003; Pellerin et al., 2010) , probably as a result of the observation that the impact of browsing on different understory layers is diverse. Many studies show little or no browsing impact on the density of tree species regeneration (e.g., Ammer, 1996; Klopcic et al., 2010) ; however, browsing impact may be significant if only vegetation in the browse layer is considered (e.g., Senn & Suter, 2003; Wardle, Barker, Yeates, Bonner, & Ghani, 2001) . It seems that the height structure of a single tree species or the diversity of tree species per height class or layer of understory vegetation may better indicate browsing pressure than the total abundance of species or the diversity of the entire tree species regeneration.
However, little is known about how deer affect the diversity of tree species regeneration when seedlings overgrow height classes (but see Laurent, Mårell, Balandier, Holveck, & Saïd, 2017; Meier, Stöhr, Walde, & Tasser, 2017; Schulze et al., 2014) . This information is crucial for understanding the influence of deer on the diversity of the tree species composition of forest stands as well as for assessing the possibility of practicing silvicultural systems that are based on natural regeneration (O'Hara, 2014) . Understory vegetation is an important part of overall plant species diversity; however, findings on how deer alter the plant species diversity of understory vegetation differ significantly or even diverge (Hegland, Lilleeng, & Moe, 2013; Rooney, 2009; Wardle et al., 2001) . Conclusions are strongly related to the observed parameters of forest understory vegetation (e.g., Vild et al., 2017) or the duration of experiments in the case of exclosure studies or herbivory manipulation (Bernes et al., 2018) . In addition, the indirect influence of deer on understory vegetation is often overlooked despite its possible strong effects on the structure and functioning of forest communities (Rooney & Waller, 2003; Stewart, Bowyer, Kie, Dick, & Ruess, 2009 ).
The methods used for studying the impact of browsing on forest vegetation can be roughly classified into three groups. The first group is based on assessment of the browsing rate for a species (Frerker, Sonnier, & Waller, 2013) , which is commonly a part of forest inventories (Zinggeler & Schwyzer, 2001) , the second relies on assessing the presence of "browsing-indicator species" (Augustine & deCalesta, 2003) , and the third group of methods is based on exclosures that enable the comparison of forest understory vegetation in similar site and stand conditions in areas with and without the presence of ungulates (e.g., Perrin, Kelly, & Mitchell, 2006; Tremblay, Huot, & Potvin, 2007) . Studies examining exclosures have placed greater focus on the short-term influence of ungulates (Wilson, Ruscoe, Burrows, McElrea, & Choquenot, 2006) in comparison to the long-term impact on forest vegetation (Rooney, 2009; White, 2012) . A review of studies examining exclosures (Bernes et al., 2018) showed that the median duration of experiments was 6 years, with most of the studies being conducted in North America, Scandinavia, Australia, and New Zealand. There have been far fewer studies conducted in Central Europe, and studies are lacking in southeastern Europe, where continuous-cover forests with advanced regeneration prevail (Forest Europe, UNECE & FAO, 2011) .
The main objective of our study was to estimate the long-term impact of red deer on forest understory vegetation in mixed temperate forests in the Dinaric Mountains of Slovenia by comparing the structure and diversity of the tree species regeneration and herbaceous layer vegetation between sites with and without deer.
In Central and Southeastern Europe, red deer is often the most influential ungulate species, altering forests from the lowland up to the mountainous vegetation belt (Milner et al., 2006) . The complete elimination of deer is not "natural," but it can show the severity of
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the impact of deer on the composition and structure of understory vegetation as well as on its dynamics in the case of long-term deer exclusion. We expected that comparison of multiple parameters of tree species regeneration and the herbaceous layer between the two treatments (deer present vs. no deer) would enable us to reveal the direct and indirect influence of red deer on understory vegetation.
Based on comparison of data from exclosures and control plots (deer present), we aimed to define the palatability of plant species and to identify the parameters of understory vegetation which indicate the long-term impact of deer on forest vegetation. We focused on two questions: (a) how do deer affect the abundance and diversity of tree species regeneration along its height growth, and (b) what is the impact of the presence of deer on the diversity of herbaceous layer vegetation? Species composition in the herbaceous layer may be sensitive to changes in the tree species regeneration layer mediated by deer (Beguin, Pothier, & Côte, 2011; Sabo, Frerker, Waller, & Kruger, 2017; Stewart et al., 2009) . Therefore, we also tested for the indirect influence of red deer on the diversity of shorter tree species regeneration and the diversity of the herbaceous layer through its influence on the recruitment of saplings of tree species. We presumed that considering both the direct and indirect influence of deer could contribute to the clarification how deer influence the plant species diversity of understory vegetation.
| ME THODS

| Study area
The study took place in the northern part of the Dinaric Mountains of Slovenia (Appendix S1), which are characterized by carbonate bedrock (i.e., limestone and dolomite) on which Cambisols and Leptosols of different depths have developed, low mean annual temperature (6-8°C) and high annual precipitation (1,500-2,500 mm).
The prevailing forest plant community in the mountain vegetation belt (≈600-1,200 m a.s.l.) is Dinaric silver fir (Abies alba)-European beech (Fagus sylvatica) forest (Abieti-Fagetum). The key tree species in the forests are silver fir (hereafter fir), European beech (hereafter beech) and Norway spruce (Picea abies, hereafter spruce), together usually comprising >90% of the growing stock. Among the minor tree species, sycamore maple Acer pseudoplatanus (hereafter sycamore) is the most important, often even being the most abundant tree species in the early stages of regeneration, while other minor tree species, such as Ulmus glabra, Tilia cordata, Fraxinus excelsior and Sorbus aucuparia, are rare. Natural stand dynamics is characterized by small-scale natural disturbances (Nagel et al., 2016) . Forests have been managed with a combination of silvicultural systems, all of which are based on natural regeneration using stand patches of different sizes (Boncina, 2011) .
In the region, three species of large ungulates can be found: roe deer, chamois, and red deer, the latter being the most strongly related to browsing pressure in the studied forests (Klopcic et al., 2010) . Red deer was commonly present in the area for most of the Holocene up to 1848. After that year, it almost disappeared due to over-harvesting, but was re-introduced in 1907 (Stergar & Jerina, 2017) . The density of red deer grew slowly until World War II, after which it started to increase rapidly, reaching a maximum in the late 1970s and 1980s. The current density of red deer varies greatly within the region, ranging from 4 to over 20 km −2 , with the exception being the western part of the region with a lower density (Jerina, 2008) . Roe deer is present in the area, but its density (<3 km −2 ) and its impact on forest vegetation is low, and the density and impact of chamois is negligible compared to red deer. Due to the insignificant impact of other ungulates, the study focused mainly on red deer (hereafter deer).
| Sampling design and data collection
The study is based on a comparison of the tree species regeneration and herbaceous layer between two treatments: no deer (exclosures) and deer present (control plots). The tree species regeneration was surveyed in seven research sites within the Dinaric due to heavy browsing. The size of the exclosures, which were established 9-35 years before our survey, varied between 0.1 and 19.0 ha. In each study site (Table 1) , we located a transect of plots inside and outside the exclosure. All plots were located in uneven-aged stands with regeneration. The condition to select the starting point of a transect was that both fenced and unfenced transects were positioned under similar stand (e.g., cover of upper and lower tree layer) and site conditions (e.g., exposition, inclination). Therefore, it was presumed that the distinction in floristic composition between the two treatments was likely to be attrib- In six sites, the plant composition of the herbaceous layer vegetation defined as herbaceous and woody plants up to 50 cm in height was analysed according to the Braun-Blanquet (1964) method. We used a seven-degree scale to assess cover abundance values of plant species: 1, <5%; 2, 5-24% cover; 3, 25-49%; 4, 50-74% cover; and 5, equal or greater than 75% cover; the lowest scale of 1 was given an additional symbol (r and +) to indicate few or solitary plants with small cover. Moss species were excluded from the analysis. For some analyses, plant species were classified according to functional groups as ferns, forbs, grasses, shrub species and lianas, and tree species.
| Data analyses
The tree species regeneration was analysed by comparing the density of the regeneration and its height structure between the two treatments. Detailed analyses of height structure were done for the three most abundant tree species: fir, beech, and sycamore.
The plant composition of the herbaceous layer vegetation between the two treatments was assessed by comparing the total cover of the herbaceous layer, the number of species per functional group and the abundance of single plant species, represented in at least 5% of all surveys in both exclosures and unfenced sites. Coverabundance values for single plants were transcoded according to the Van der Maarel (1979) transformation and used for testing the differences in abundance between the two treatments with the nonparametric Mann-Whitney U test.
Based on data from the regeneration inventory and phytosociological surveys, we analysed species richness S (i.e., the number of species in a sample) for each sample plot and calculated two diversity indices (Heip, Herman, & Soetaert, 1998; Hill, 1973 ): Simpson's diversity index D, expressed as the inverse of Simpson's original
, where P i is the proportion of i-th species in the total sample) and Simpson's evenness E as a quotient between D and S. All diversity measures were determined separately for the regeneration of tree species and for plant species in the herbaceous layer.
To obtain the structural diversity of the tree species regeneration, we calculated both diversity indices per height class. The MannWhitney U test was used to check for significant differences in species richness and diversity indices between the two treatments.
We used a generalized linear mixed model with binominal distribution of the dependent variable and logit link function (i.e., binary logistic regression) for discriminant analysis between the treatments (0, no deer; 1, deer present) separately for the tree species regeneration and the herbaceous layer vegetation. Binary logistic regression was used to assess whether the presence or absence of deer can be predicted based on variables of tree species composition and herbaceous layer vegetation. The first model examined which variables of the tree species regeneration are the best discriminators of the treatments, while the second model examined the same for the herbaceous layer variables.
To avoid multi-collinearity, we conducted preliminary analyses to detect relations between the independent variables. First, Pearson's correlation coefficients (r) were calculated between continuous independent variables, and only one variable for pairs with r > |0.60|
was included in the procedure. Next, contingency tables with two sample t-tests between a particular independent variable and all other independent variables were applied. If the p-value was <0.25, the variable was accepted as a candidate for the modelling procedure; if not, one of variables was excluded. Due to multicollinearity, the following variables of the tree species regeneration were excluded from the modelling procedure: fir in HC3, fir total, beech in HC3, beech in HC5, beech total, sycamore total, minor tree species in HC1, and the total number of minor tree species. Due to multicollinearity, the following variables of the herbaceous layer were excluded from the modelling procedure: number of plant species, number of grass species, number of forb species, number of fern species, and cover value of the herbaceous layer.
In the first model, the number of seedlings per height class separately for beech, fir, sycamore, and other tree species, and diversity index D for the total and per height class of the tree species regeneration, were included as fixed factors, while site, the duration of the experiment, and deer density class (Table 1) were treated as random effects. In the second model, the diversity index D for the herbaceous layer, the number of plant species per plot, and for the functional groups of species, and the cover value of the herbaceous layer were treated as fixed factors with the same random effects considered as in the first model. Red deer densities were estimated by culling density and pellet group counting (Klopcic et al., 2010; Stergar & Jerina, 2017 (Guisan & Zimmermann, 2000) .
To graphically visualize the hypothesized patterns of causal relations among a set of variables, path analysis (Pedhazur, 1997) represents the coefficient of determination of an individual multiple regression. In the analyses, theory-driven over-identified models were developed, including only selected independent variables hypothesized to be dependent with the target variable. When developing the models, all the assumptions given in Pedhazur (1997) were considered.
| RE SULTS
| Tree species regeneration
The density of tree species regeneration was slightly higher in plots where deer were present compared to plots without deer (Table 2 ; Figure 1 ). The majority of regeneration was shorter than 20 cm both in the presence (51.5%) and absence of deer (43.1%). Differences in the number of regeneration between treatments were statistically significant (p < 0.05) for all height classes, with the exception of HC2 (p > 0.05). The number of seedlings shorter than 20 cm was significantly higher when deer were present, while the density of regeneration equal to or taller than 50 cm was significantly higher if deer were not present.
The most abundant tree species under both treatments were beech, fir and sycamore, followed by wych elm Ulmus glabra (hereafter elm), rowan Sorbus aucuparia (hereafter rowan) and spruce. The density of beech regeneration was much higher if deer were present (p < 0.001). Similarly, elm was more abundant in the presence of deer (p = 0.028), whereas fir was much more abundant if deer were absent (p < 0.001; Table 3 ).
In the height structure of the three most abundant tree species, large differences exist between the treatments (Table 3 ; Figure 1 We found similar richness S in tree species between the two treatments (Table 2) ; the total number of tree species in sites in the presence and absence of deer was similar on the scale of all research sites as well on the plot level. However, both the Simpson's diversity index D and the evenness index E were significantly higher (p < 0.001) if deer were excluded. Richness and diversity per height class declined from HC2 to HC5 for both treatments, as did evenness from HC3 to HC5. In HC1, richness and diversity were significantly higher (p < 0.001) in the presence of deer, while they were significantly lower (p < 0.01) in all other height classes (Figure 2 ).
Deer directly and indirectly influence the diversity of the tree species regeneration h < 20 cm (Figure 3a) . The model shows that the presence of deer positively influences the diversity of tree species <20 cm directly as well as indirectly through a reduction in the abundance of saplings h ≥ 130 cm.
Among the 22 variables included in the analyses (Appendix S2), three variables were selected as predictors of the GLMM-based discriminant analysis for the two treatments ( 
| Herbaceous layer vegetation
We did not find significant differences in the total cover of the herbaceous layer and plant diversity between the two treatments for any diversity index (Table 5) . We found significant differences in the number of recorded plants for two groups of plant species only:
tree species and shrub species and lianas. Among the three variables (number of tree species, number of shrub species and lianas, and Note that only tree species with a proportion greater than 1% in the total number of regeneration are shown.
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diversity index) included in the modelling procedure to discriminate the herbaceous layer in the presence/absence of deer by considering sites, experiment duration, and deer density as random factors, none
were included in the model (Appendix S3).
On the individual species level, Abies alba, Rubus hirtus, Rubus idaeus, Omphalodes verna, Athyrium filix-femina and Dryopteris filix-mas
were significantly more abundant in the exclosures (all p < 0.05), Path analyses showed that deer indirectly influence the diversity of plant species in the herbaceous layer ( Figure 3b ). Deer had a negative impact on the abundance of tree saplings h ≥ 130 cm, which leads to increased diversity of plant species in the herbaceous layer; thus, deer appears to have a positive indirect impact on the diversity of herbaceous layer vegetation.
| D ISCUSS I ON
| Structure and composition of tree species regeneration
Our study showed that the major tree species (fir, beech and sycamore) and the group of minor tree species showed different, sizedependent responses to the impact of red deer.
The density of beech regeneration was much higher if deer were present; however, differences in the density per taller height classes were not significant. For sycamore, no significant differences between the treatments were found in the total number regenerating; however, sycamore was much more abundant in the first two height classes outside exclosures, but almost disappeared afterwards, whereas it was present even above 130 cm inside exclosures. In the studied forest type, sycamore is known to regenerate abundantly and may even be predominant in the shortest height class (h < 20 cm), but faces a poor survival rate due to browsing pressure and interspecific competition, especially under the cover of mature trees (Klopčič, Simončič, & Bončina, 2015) . The proportion of sycamore in mature stands of this forest type naturally comprises 5% of the total growing stock (Bončina et al., 2017) . The height growth and survival of sycamore regeneration depend on light availability, abundance of ground vegetation, and browsing pressure (Hein et al., 2009) ; sycamore seedlings are quite resilient to repeated browsing, which often leads to the formation of multiple forked stems (Hein et al., 2009 ). This might be one of the reasons for the higher number of sycamore seedlings (h < 50 cm) in sites with deer, which simply keep seedlings at browse height (Ammer, 1996) . Other reasons may be the permanent establishment of sycamore seedlings (El Kateb, 1992) and reduced herbaceous layer abundance and competition due to browsing (Diaci, 2002) . Due to its rapid response to canopy openings (Collet, Piboule, Leroy, & Frochot, 2008) and fast height growth compared to slow-growing fir (Hein et al., 2009 ), sycamore regeneration can overgrow the critical browse layer in two or three years. Therefore, the temporary absence of deer browsing when regeneration harvest creates openings might be a "window of opportunity" for the recruitment of sycamore saplings.
Fir was the only tree species that was significantly more abundant at all heights in sites without deer. The decline in fir regeneration from the lowest height class (<20 cm) to the next highest height class was the largest among the observed tree species. This is probably connected to the high palatability of fir regeneration (Bernard et al., 2017; Heuze et al., 2005) and low survival rate of young fir seedlings after browsing (Ammer, 1996; Meier et al., 2017) . Fir is less resilient to repeated browsing than beech or sycamore (El Kateb, 1992) . Many small fir seedlings are completely uprooted during animal browsing (Gill, 1992) , and the entire plant may be browsed or may die away (Senn & Suter, 2003) . This, coupled with the extremely slow growth of silver fir under the canopy, and thus its long availability for feeding, decrease possibilities for successful recruitment of fir into forest stands. Our results showed the complete recruitment failure of fir in the presence of deer. The proportion of fir in mature stands of Dinaric mountain forests naturally comprises 30-50% of the total growing stock (Bončina et al., 2017) . Thus, the recruitment failure of fir might strongly alter the stand dynamics of these forests (see Ficko, Roessiger, & Bončina, 2018) .
The response of minor tree species to the impact of red deer was similar to that of sycamore. Elm and rowan seedlings are shadetolerant (Raspé, Findlay, & Jacquemart, 2000; Thomas, Stone, & La Porta, 2010) but can grow quickly when gaps are formed and have the potential to escape browsing (Żywiec & Ledwoń, 2008) .
However, in our study both elm and rowan saplings were only present in the absence of deer, indicating that browsing pressure was too intensive to allow them to escape the browse layer.
The divergent impact of browsing on the height structure of individual tree species indicates their palatability to deer. Based on comparison of regeneration taller than 50 cm between treatments, we can classify fir as highly palatable; sycamore, elm and rowan as palatable; and beech and Norway spruce as less palatable or even unpalatable species. Similar results have been reported in many other areas in Central Europe (Bernard et al., 2017; Heuze et al., 2005; Motta, 2003; Nagel, Diaci, Jerina, Kobal, & Rozenbergar, 2015; Senn & Suter, 2003; Šulekova & Kodrik, 2011) . However, in a forest type similar to that in our study area, Meier et al. (2017) revealed that the regeneration of beech is also hindered by the impact of deer browsing, arguing that this is mainly due to the strong dominance of spruce in the regeneration. Similarly, Laurent et al. (2017) observed the positive impact of deer exclusion on beech regeneration but not on other tree species, arguably due to the competitive advantage of pre-existing beech regeneration, and the strong increase in bramble cover. Beech in our study area seems to be less palatable; however, its feeding attractiveness might be low due to the presence of other more palatable species. Palatability of fir may also be conditioned by the availability of other food (Häsler & Senn, 2012; Kamler et al., 2010) .
Our study showed that the height structure of individual tree species or groups of tree species proved to be the strongest indicator of the impact of deer on forest vegetation (see also Bernard et al., 2017; Pellerin et al., 2010; Pépin et al., 2006) . All predictors are related to the presence of highly palatable tree species in the browse layer and not to the increase in the abundance of unpalatable tree species. However, this result is valid for the impact of red deer in the studied forest type only. Some studies, especially from longterm chronically browsed forests (Jenkins, Jenkins, Webster, Zollner, & Shields, 2014) , reported that variables related to the presence of non-palatable or exotic tree species discriminated the treatments.
| Diversity of tree species regeneration
Conclusions on the diversity of tree species in the presence or absence of deer can yield varying or even contrasting results depending on the focus of the study.
When considering the total regeneration, we did not find a significant difference in tree species richness between the treatments. This is similar to what was found by Faison, Destefano, Foster, Motzkin, and Rapp (2016) , but in contrast to several studies that revealed a negative response in species richness for saplings and woody understory (Bernes et al., 2018) . We found that the absence of deer leads to higher diversity and evenness of the total tree species regeneration, which is in accordance with some studies (Horsley et al., 2003; Jenkins et al., 2014) . Deer seem to modify the tree species composition of the total regeneration, mainly through a reduction in the proportion of palatable tree species and an increase in the proportion of less attractive species, leading to lower diversity and evenness. However, the results are forest-type dependent; if the major tree species were palatable, deer could cause an increase in diversity and evenness of tree species regeneration.
The absence of deer had a positive impact on the richness and diversity of tree species regeneration in the regeneration layer above 20 cm, and the differences increased with the height of the regeneration. This coincides with other studies (e.g., Kuijper et al., 2010; Schulze et al., 2014) . In our research, in the presence of deer, beech becomes dominant in the 20-49 cm height class (73% of tree species seedlings) and the 50-89 cm height class (90%), and completely outnumbers other species when equal to or taller than 90 cm (>99%).
Although the presence of deer did not result in the local extirpation of any tree species in the total regeneration, it did cause the extinction of some ecologically valuable species (e.g., fir and sycamore) in the regeneration above 130 cm.
The diversity and richness of the shortest regeneration height class (h < 20 cm) were significantly higher in sites with deer, which can be attributed to the direct and indirect impact of deer. The shortest height class is considered to be outside of the browse layer (e.g., Wardle et al., 2001 ); therefore, the direct impact of deer on tree seedlings is smaller or even reverse compared to its influence on taller regeneration (e.g., Meier et al., 2017) . The results of path analyses imply that the higher diversity of tree species up to 20 cm in height is under the strong indirect influence of deer, which, through permanent browsing, reduce the number of saplings, prevent their ingrowth and thus "maintain" favourable conditions for the establishment and growth of young seedlings. This could explain why seedlings of some tree species (e.g., elm, sycamore) were more abundant in the presence of deer. In some other forest types, such indirect impact of deer might be important for the successful regeneration of tree species; for instance, in mixed temperate forests in Japan, deer have a positive effect on the survival of several tree species in the understory by reducing the abundance of dwarf bamboo-a vigorous shrub species (Itô & Hino, 2008) .
| Plant species in the herbaceous layer
In our study, the herbaceous layer did not differ significantly in the cover, species richness and diversity of plant species between the treatments. Similar results were reported by Meier et al. (2017) from montane spruce-fir-beech forests in Central Europe, and Habeck and Schultz (2015) , who reviewed the impact of deer on forest understory in North America. Most studies found that the cover of plants in the herbaceous layer was higher in exclosures (Boulanger et al., 2018; Jenkins et al., 2014) , while divergent results were reported on the impact of deer on plant richness and diversity: from an insignificant impact (Bernes et al., 2018 ) to a negative (Pellerin et al., 2010) or positive one (Royo, Collins, Adams, Kirschbaum, & Carson, 2010) . There are several possible reasons for the contrasting results, such as shortcomings of the indices applied to characterize forest communities (Habeck & Schultz, 2015) , variations in the studied forest cover types (Bernes et al., 2018) , differences in deer densities or in the types of ungulates considered, differences in the duration of experiments, and even discrepancies in the definitions of the herbaceous layer applied in the studies (Faison et al., 2016) . Considering or ignoring the importance of the indirect influence of deer may also lead to divergent results (Sabo et al., 2017) . More consistent results are reported for the effects of deer on species richness of single plant groups; it is often reported that in the presence of deer, species richness of grasses, sedges and ferns usually increases, while species richness of woody plants decreases (Côté et al., 2004; Horsley et al., 2003; Jenkins et al., 2014; Royo et al., 2010) , which was partially confirmed in our study.
In our study, no plant species went locally extinct because of deer impact; deer influence was limited to a change in abundance of some plant species, which may be a consequence of direct impact (browsing) or may covariate with environmental variables influenced by deer (Beguin et al., 2011; Sabo et al., 2017) . has been confirmed by studies on the food habits of red deer in the study area (Adamič, 1990) . Fir was found to be a substantial and frequent part of the food source, especially in the winter period; similar results were revealed for the Rubus ssp. Therefore, we may assume that direct influence is the main cause of the difference in abundance of these three species. Despite less light availability for the herbaceous layer due to the abundance of tree saplings, Rubus spp., which are characterized as half-light plant species (Horsley et al., 2003) , were more abundant in the fenced sites, confirming their palatability to deer. Several other studies (Boulanger et al., 2018; Laurent et al., 2017) confirmed that Rubus spp. are strongly affected by deer browsing and can therefore be used as an indicator of direct deer impact. Among the other three plant species, two are ferns, which are known as browse-resilient species (Nuttle, Ristau, & Royo, 2014) . Regarding light conditions, all three species are described as shade plants (Ellenberg et al., 1992) ; therefore, we assume that their higher abundance in the absence of deer is to a greater extent explained by the importance of the indirect influence of deer (e.g., lower light availability in the fence due to denser saplings) than by the direct removal of deer outside the exclosures.
When deer are present, seven plant species were significantly more abundant (i.e., Acer pseudoplatanus, Fagus sylvatica, Brachypodium sylvaticum, Fragaria vesca, Oxalis acetosella, Salvia glutinosa and Senecio fuchsii), which is partly in contrast with existing knowledge on the palatability of plant species. Brachypodium, Senecio, Salvia and partly Fagus and Oxalis are reported to be less palatable for deer (Fargione, Curtis, & Richmond, 1991) , while Acer pseudoplatanus is known as a highly palatable species (Gill, 1992) .
In our study area, Oxalis acetosella was one of the most frequent herb species in the nutrition of red deer inventoried in samples of rumen contents (Adamič, 1990) ; the same was true for Fragaria vesca (Adamič, 1990) . The indirect impact of deer might be more important for the abundance of some plant species than direct influence (i.e., browsing, removal). It seems that deer, through a reduction in the abundance of tree saplings and an increase in light ability, promote the abundance of species which indicate higher relative light intensity; Fragaria, but also Salvia and Senecio, are typical for canopy gaps and more open sites (Boncina, 2000; Degen, Devillez, & Jacquemart, 2005) . However, the higher abundance of Oxalis, a deep-shade species, in the presence of deer is unexplained.
We revealed that deer have a positive indirect influence on the plant species diversity of the herbaceous layer by reducing the density of tree saplings h ≥ 130 cm, and thus indirectly increasing the diversity of plant species in the herbaceous layer. By reducing the abundance of saplings, deer improve light availability for shorter plants and thus decrease the level of competition among species in the herbaceous layer (Hegland et al., 2013; Royo et al., 2010) , often reflecting in an increase in light-and nutrient-demanding species (Vild et al., 2017) and leading to higher species diversity (Boulanger et al., 2018) . These indirect impacts of deer vary across uneven-aged forests, and are especially pronounced in locations with less overstory (Sabo et al., 2017) .
| CON CLUS IONS
The reduction of tree species diversity along the development of natural regeneration is probably the most important browsing impact on the stand dynamics of mixed temperate forests. Poor recruitment of fir, sycamore, and minor tree species has been strongly attributed to browsing impact. If the deer population remains highly abundant for longer periods, the most probable scenario seems to be the dominance of beech, and thus the homogenisation of the composition and vertical structure of forest stands.
Our results indicate that the height structure of palatable tree species in the browse layer, especially the abundance of lightdemanding and relatively fast-growing broadleaved tree species, and firs in the browse layer, are the best indicators for the assessment of long-term browsing pressure in continuous cover forests.
Similarly, the abundance of indicator species (e.g., Rubus spp.) in the herbaceous layer can be useful for the assessment of browsing impact on understory vegetation.
We revealed the complex impact of deer on the understory vegetation of mixed temperate forests. The severity of the impact of deer on forest understory vegetation can be analysed only if longterm data exist, which allows the assessment of both the direct and indirect impact of ungulates. Our study provides evidence for the significant indirect impact of deer on understory forest vegetation.
The lack of saplings could have a strong cascading effect on the ground-layer vegetation, especially in forests that have been subjected to the long-term impact of ungulates.
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